This paper reviews major techniques of aligning carbon nanotubes, either during the growth or by the post-growth processing. A number of post-processing alignment techniques are discussed, which employ mechanical stretching, fracture, compression, friction, filtration, fiber drawing, gas flow, liquid crystals, Langmuir-Blodgett technique, acoustic, magnetic and electric fields. The suitability of those techniques to industrial applications is analyzed.
Introduction
Carbon nanotubes (CNTs) can be viewed as graphene sheets rolled into long hollow cylinders. Even from geometrical considerations, it is obvious that many CNT properties, especially most important mechanical and electrical properties, are superior along the tube axis than normal to it. Therefore, aligning CNTs to a required direction is important for most applications.
Those applications can be classed into the following major groups [1, 2]:
1. Electronic and optoelectronic [3] , such as CNTbased field-emission devices, transistors, diodes and resistors. They can be used as components of electronic circuits, but also as individual devices such as gas sensors [4] [5] [6] , bolometers [7] , photodetectors and light-emitting devices [3] . Ropes * E-mail: iiiaaakkk@yahoo.com of aligned nanotubes have also been used in incandescent lamps and demonstrated better lifetime than conventional tungsten filaments [8] .
Co/Mo catalyst-assisted chemical vapor deposition (CoMoCAT) [24] , other varieties of chemical vapor deposition (CVD) [25] [26] [27] , arc discharge [28, 32] , laser ablation (LA, also known as pulsed laser vaporization PLV) [30, 32] , flame synthesis [1] , and direct injection pyrolytic synthesis (DIPS) [29, 31, 32] .
Two classes of alignment techniques can be distinguished: one attempts growing the tubes along a given direction, either within the substrate or normal to it; another is post-growth processing of random CNT bundles. In the latter, the CNTs are first isolated via vigorous ultrasonication in a solution of a chemical agent called dispersant. The next step is centrifugation, which separates, by mass, well-dispersed and undispersed CNTs. Then, the dispersed CNTs are aligned by applying external perturbations, which are reviewed in this paper. The final goal is production of a film where most CNTs are aligned to a certain direction.
Evaluating the alignment
Alignment of as-grown CNTs is commonly evaluated using atomic force microscopy (AFM) [34] , scanning tunneling microscopy (STM) [35] or scanning electron microscopy (SEM) [36] [37] [38] . Transmission electron microscopy (TEM) [39, 40] is less suitable because it requires relatively complex sample preparation, which can modify the CNT arrangement. Another TEM problemsmall sampling area -is demonstrated in Fig. 1 . CNTs from the same batch might appear reasonably well aligned when imaged locally by TEM. However large-scale SEM pictures reveal complete disorder.
As discussed below, the aligned CNTs, obtained by post processing random CVD powders, are buried in a dispersant. Therefore AFM, STM, SEM or TEM is not suitable for their characterization. Optical absorption, photoluminescence (PL) or Raman scattering are applied instead. All those techniques rely on the fact that CNTs preferentially absorb, scatter or emit light polarized along their axes (see Figs. 2, 3 ). Those techniques have their pros and cons, summarized in Tab. 1.
Optical absorption is a relatively simple technique, which detects most nanotubes in the sample, even if they are not very well isolated. However, it requires transparent films and its sensitivity is relatively low.
Raman and luminescence techniques are extremely sensitive and can detect single CNTs; they can be used in reflection mode on opaque samples. However, they are relatively complex, as they involve lasers and nitrogen cooled detectors and need regular optical alignment. The major application-related differences between them are (i) de- width ∼10 µm) images of the same batch of as-prepared double-wall carbon nanotubes characterized in [33] .
tection of PL from CNTs requires dedicated infrared detectors (InGaAs), and thus few infrared PL setups are being commercially produced. On the contrary, Raman scattering setups use standard silicon CCDs; they can be applied to wider range of materials and thus are more widespread.
(ii) Observation of PL requires high degree of CNT dispersion, whereas Raman signals are very weakly sensitive to the CNT bundling. The largest disadvantage of Raman and PL, compared to optical absorption, is that they only detect those CNTs whose band gaps are in resonance with the exciting laser.
Interestingly, optical techniques allow monitoring of alignment not only of the CNTs themselves, but also of species encapsulated inside CNTs [41] [42] [43] or attached to Figure 2 . From top to bottom: dependence of the absorption spectra of CNTs, without and with encapsulated β-carotene molecules, on the angle θ between the alignment direction of the CNTs and the polarization of incident linearly polarized light. The alignment is achieved by mechanical stretching. S1, S2 and M1 indicate 1st and 2nd band gaps of semiconducting and metallic nanotubes, respectively. Bottom panels show angular dependences of the carotene and CNT (S1) bands, simulated (solid lines) by A + Bcos 2 θ functions. They reveal that both the nanotubes and encapsulated β-carotene molecules align to one direction [41] .
their outer walls [44, 45] . For example, it was demonstrated that linear β-carotene [41] and squarylium [42] molecules encapsulated into CNTs are aligned to the inner CNT walls and do not bend or twist. Polarized optical absorption and Raman spectra of β-carotene/CNT/polymer film aligned by mechanical stretching are shown in Figs. 2 and 3, respectively. 
Growth of aligned nanotubes
The general recipe for CNT alignment during the synthesis is simple -densely cover the substrate with nanoparticles of a metal catalyst and grow the nanotubes by some variation of chemical vapor deposition (CVD) technique [1, 2, 4, 21, 22, 25] . CNTs preferentially grow on the catalyst particles, normal to the substrate, and high density of the catalyst prevents CNTs from bending down (see Fig. 4 ). Millimeter-tall forests can be produced of aligned CNTs standing on the substrate [46, 47] . Not only high density of nanotubes, but also application of electric field normal to the substrate during the growth aligns the nanotubes [25, 48] . Changing the direction and strength of the electric field allows to control the nanotube orientation and structure [25] . Most popular metals used as a catalyst are Fe, Ni, Co, Mo or they allows [25] . The metal catalyst nanoparticles are often produced on the substrate using indirect processes, such as reduction of metal oxides or salts [25, [36] [37] [38] . The particle density and structure can be controlled by pat- terned (or masked) deposition of the metal, annealing, or by plasma etching of a metal layer. If the catalyst is deposited using a regular pattern then the forest is ordered accordingly [49, 50] .
Vertical alignment can also be achieved by growing nanotubes inside the nanochannels of various templates, such as mesoporous silica [51, 52] , alumina [53] , liquid-crystal matrices [54, 55] , aluminophosphate [56] or zeolites [58] . Both catalytic and catalyst-free growth has been demonstrated [1, 57] . Changing the pore size allows to control the CNT diameter. In fact, the thinnest carbon nanotubes, 0.4 nm in diameter, have been grown inside zeolite templates [54] .
However, most applications, except for field emission cathodes and AFM tips [4, 25] , require horizontal (in plane of a substrate) rather than vertical CNT alignment, for numerous and self-evident reasons, such as deposition of electrical contacts, mechanical stability, etc. A brute force approach to this demand is sweeping the vertical forest with a knife edge smearing CNTs along the substrate [46] . A more delicate solution is growing the nanotubes not normal to the substrate but along its surface. Low density of the catalyst results in bending down the CNTs, and their alignment is achieved using the atomic steps on specially oriented sapphire [36] [37] [38] (Fig. 5) or trenched silicon [59, 60] substrates. Yet even finer technique is growing carbon fibers by local decomposition of hydrocarbon gas molecules with a finely focused beam of an electron microscope. This technique, called electron beam induced deposition, can produce nanowires of predefined threedimensional shapes [61, 62] .
A distinct feature of CNTs aligned by growth is presence of metal catalyst nanoparticles in [63] or on [45] the nanotubes. This is often considered as a drawback, and thus the catalyst is usually removed by acids [41, 42] or annealing [1, 21] . However, the catalyst particles can also add new functionalities to CNTs. Most popular catalysts, Fe, Co and Ni, are magnetic, and thus can realize magnetic field controlled spintronic devices [27, 64] . If those particles are not desired, they can be removed from individual nanotubes using electron beam of an electron microscope or a lithography setup [63] . However, more efficient removal is achieved by annealing the nanotubes or/and by the combination of dispersion and centrifugation discussed above. This brings us to the next section of post-growth CNT processing.
Post-growth alignment of nanotubes
Post-growth alignment is achieved by isolating the CNTs through dispersion and centrifugation of their mixture with a dispersant (usually a polymer or surfactant), followed by application of external forces or fields, which are summarized below.
Choice of dispersant in post-growth processing of carbon nanotubes
In most cases, dispersant should be removed from the final product. Solvents (e.g. water) are ideal in this sense, but they are very inefficient in dispersing pure CNTs, which have not been chemically modified ("functionalized"). Addition of small amount (≤1 wt.%) of a surfactant, such as sodium dodecyl sulfate (SDS), to water dramatically improves the dispersing ability through formation of micelles around CNTs. "Surfactant" conventionally refers to an agent which reduces the surface tension of a liquid.
The reduction of surface tension also assist dispersion, and therefore, most surfactants are good dispersants. In most cases however, surfactants are not suitable for making thin films -micelles do break upon drying, resulting in reagglomeration of CNTs. Dried surfactants also leave an undesired opaque layer, which can not be burned neatly (still leaves much residue). There is a technique of preserving surfactant micelles in the dried film: an aqueous solution of surfactant and CNTs is mixed with an aqueous solution of gelatin and cast on a substrate. Gelatin does preserve micelles upon drying, resulting in homogeneous, optical-quality films [32] . However, this technique is not suitable for producing a layer of bare CNTs.
Solutions of polymers in water or organic solvents can also disperse CNTs. Polymers are much better than surfactants for making homogeneous, optically transparent films (or fibers). However, polymer removal is still an unsolved problem. Some polymers, such as hydroxypropylcellulose can be burned at relatively low temperatures (∼ 350°C), leaving small enough residue to reveal bare CNTs [5, 6] . However, thermal agitation during the annealing ruins the CNT alignment.
Stretching of a polymer/CNT film
In this method, a thin film of CNTs embedded into a polymer is softened, e.g., by dipping into a water/alcohol solution. Its opposite edges are then clamped and the film is uniaxially stretched. Moderate heating (∼60-100°C, provided by a hot air gun) can be optionally applied to the film during the stretching in order to keep it soft [66, 67] . A steady microscrew setup is preferred to stretching by hands. The stretching ratio is defined as the length ratio of a film after/before stretching. This ratio is approximately equal to the ratio of optical absorption or luminescence signals measured along and perpendicular to the stretching direction [41, 42] . Some polymers (e.g., polyethylene) do not need softening treatments and can be stretched >30 times [65] .
The stretching ratio is rather inhomogeneous at the film edges; the sample size is limited, and the procedure requires manual and at times skillful operation as the stretching should be stopped when signs of breakage appear. However the method is relatively simple and produces optically homogeneous samples cut from the central part of the stretched film. It is probably the most popular CNT alignment technique in scientific research (see, e.g., [41, 42, 44, 68] and Figs. 2 and 3 ), but it is hardly suitable for industrial applications.
During the stretching, nanotubes are reoriented by the elastic field from the polymer matrix. As a scientific extension of this technique, it would be interesting to attempt Bare aligned nanotubes can be seen in a small, partly fractured part of a sample. The scale bar is 500 nm. stretching individual long nanotubes or their bundles as this might be used for fine shifting the CNT band gap [69] .
Fracture
Fracture can be considered as an extreme case of stretching. When a hard polymer like polyurethane [70] or polystyrene [71] , containing CNTs, is overstretched or fractured, aligned nanotubes can be seen in the fracture gap, as shown in Fig. 6 . This yet undeveloped method might be useful for some specific applications, such as producing CNT field emitters.
Uniaxial pressure
Applying uniaxial pressure of the order 10 kbar to CNTs embedded into a polymer matrix aligns the nanotubes [72, 73] thereby reinforcing the whole pellet. Specific mechanical applications of this brute force method can be envisioned, but the limited pellet size is a clear drawback.
Friction alignment
In this method, also known as doctor blade technique, a polymer film with embedded CNTs is first softened by warming. Then, it is unidirectionally rubbed with a blade or a set of parallel grooves. Rubbing induces elastic force which aligns the nanotubes [74] , but it also damages the film. The advantage of this procedure is it can be performed automatically. 
Filtration or fiber drawing
Filtering a dilute solution of well-dispersed nanotubes through a porous membrane aligns the nanotubes [75] . However, to achieve significant alignment, the pores should be rather narrow (a few hundreds nm) that makes the process rather slow and inefficient. Besides, the pores get blocked by the large bundles quite soon, and the transfer of the filtered CNTs on the substrate, without losing the CNT alignment, is not trivial.
In a much more popular variation of this technique, fibers are drawn from a viscous polymer-nanotube solution using standard fiber drawing [9] [10] [11] [12] [13] or electrospinning [14] [15] [16] techniques. High-quality reinforced fibers are produced, exceeding 30 m in length (see Fig. 7 ) at ∼60 µm diameter [9] , drawn at rates as high as 7 m/min [10] , and being 20 times harder to break than steel of the same weight [11] . Solid or hollow and polymer-free fibers can be produced [12] . This method is clearly successful and ready for commercialization as all the required processes are well developed technologically.
Gas flow
In this method, while the solution of dispersed CNTs is being drop-wise deposited onto a substrate, a gas flow having linear velocity ∼10 cm/s is applied along the substrate. The flow simultaneously spreads the drops, dries them and aligns the nanotubes along the flow direction [76, 77] . The method is simple and can be automated to cover wide areas simply by shifting the substrate.
Pulling a substrate from CNT solution
In this method, which is often called Langmuir-Blodgett technique, a substrate is slowly dipped into a solution of well-dispersed CNTs and then slowly (≤ 1 cm/min) pulled out [78] [79] [80] . A thin, homogeneous layer is produced of CNTs aligned to the dipping direction. Thickness can be controlled by changing the CNT concentration in the solution, by the pulling speed, and by the number of dips. The alignment is caused by the capillary forces. The technique is slow, but can support a wide range of substrate sides and can be completely automatic. These benefits make it one of the most suitable industrial alignment techniques.
Acoustic waves
There is one report on aligning CNTs using surface acoustic waves [81] . A solution of CNTs dispersed with SDS was dropped on a silicon wafer having gap-cell electrodes. Acoustic field, applied by a LiNbO 3 chip to the drop, aligned the nanotubes in such a way that they bridged the electrodes completing an electric circuit. This technique provided a possible solution to the important problem of how to make electrical contacts to individual nanotubes.
Magnetic field
Alignment of nanotubes using magnetic field is unique by its remote action, as it allows a significant distance between any part of the aligning magnet and the nanotube sample. Whereas numerous possibilities exist for applying magnetic fields, the most common is the following: solution containing well-dispersed CNTs is cast on a substrate located inside the magnet [82, 83] . While the film is being dried, the nanotubes align to the direction of the magnetic field, which can be either within the substrate (see Fig. 8 ) or normal to it [84] . Contrary to electric field, which also moves the nanotubes, homogeneous magnetic field only reorients them, which is handy for bridging electrodes with CNTs. The technique is not limited to nanotubes, but can align any carbon fibers [85] .
The magnetic technique looks ideal, but, because of weak magnetism of CNTs, it requires strong fields of ≥7 T. Therefore, a sample is usually placed in a narrow bore of a superconducting magnet. Relative rarity of strong magnets and small sample size yet limit the popularity of this alignment method. Filling the nanotubes with magnetic nanoparticles or wrapping them with liquid-crystal molecules (see below) lowers the required fields. Image width is ∼8 µm.
Electric field
In this technique, also called electrophoresis or dielectrophoresis, a tiny droplet of a well-dispersed CNT suspension is deposited on a substrate having interdigitated electrodes. Application of AC electric field aligns the individual nanotubes between the electrodes, thereby producing high-quality electrical CNT devices [86] ; DC field is not suitable as it results in accumulation of CNTs near one electrode [86] [87] [88] . This method also allows separation of metallic and semiconducting CNTs: due to different response to electric field, metallic nanotubes are attached to electrodes, whereas semiconducting CNTs are removed by rinsing [88] . Although this technique appears straightforward, its success is very sensitive to a combination of several parameters including CNT concentration and strength (∼ 10 3 V/cm) and frequency (kHz-MHz range) of the electric field.
Liquid crystal
Alignment of carbon nanotubes using liquid crystals is distinguished as a separate method, though it is usually a variation of alignment by electric or magnetic field. Nanotubes are mixed with a solution of a liquid crystal substance, which can also be used for CNT dispersion [89] . Alignment is achieved in solution, usually by applying electric [90, 91] or magnetic [89, 92, 93] fields, but also with light or mechanical force [94] . The enormous advantage of wrapping CNTs with liquid-crystal molecules is that much lower fields (orders of magnitude) are sufficient for alignment as compared to CNT alignment without the liquid crystal molecules. The method is however limited to solutions.
Summary
Alignment of carbon nanotubes during their growth appears most straightforward and efficient way to enhance their functionalities. The range of final products is however limited to bare CNTs containing metal catalyst particles and lying or standing on a specific substrate (silicon, quartz, and a few other materials). Post-growth alignment includes numerous time and labor consuming steps, but yields much wider range of CNT products, where clean, well-dispersed CNTs can be embedded into various media such as liquid crystals or polymers. The post-processing also allows selecting nanotubes having a certain chirality [95] .
Numerous post-growth techniques of CNT alignment are known. It is impossible to objectively evaluate them because different applications have dissimilar requirements. The simplicity of mechanical stretching of polymer/CNT films and of the Langmuir-Blodgett techniques make them most suitable for research work on CNT ensembles. The challenging task of alignment of individual nanotubes to electrodes in single-tube devices can be tackled by applying electric or magnetic fields. Scalability and possibility of automatic or semi-automatic operation select fiber drawing, Langmuir-Blodgett and perhaps gas flow techniques for industrial applications.
